Natural killer (NK) cells are the first lymphocytes to recover after allogeneic stem cell transplantation (SCT) and can exert powerful graft-versus-leukemia (GVL) effects determining transplant outcome. Conditions governing NK cell alloreactivity and the role of NK recovery in sibling SCT are not well defined. NK cells on day 30 post-transplant (NK30) were measured in 54 SCT recipients with leukemia and donor and recipient killer immunoglobulin-like receptor (KIR) genotype determined. In univariate analysis, donor KIR genes 2DL5A, 2DS1, 3DS1 (positive in 46%) and higher numbers of inhibitory donor KIR correlated with higher NK30 counts and were associated with improved transplant outcome. NK30 counts also correlated directly with the transplant CD34 cell dose and inversely with the CD3 þ cell dose. In multivariate analysis, the NK30 emerged as the single independent determinant of transplant outcome. Patients with NK30 4150/ll had less relapse (HR 18.3, P ¼ 0.039), acute graft-versus-host disease (HR 3.2, P ¼ 0.03), non-relapse mortality (HR 10.7, P ¼ 0.028) and improved survival (HR 11.4, P ¼ 0.03). Results suggest that T cell-depleted SCT might be improved and the GVL effect enhanced by selecting donors with favorable KIR genotype, and by optimizing CD34 and CD3 doses.
Introduction
Natural killer (NK) cells may affect the transplant outcome by exerting direct cytotoxicity against leukemic cells and by targeting host-derived antigen-presenting cells (APCs) diminishing both the risk of relapse and acute graft-versus-host disease (aGVHD). [1] [2] [3] [4] [5] [6] It is believed that NK alloreactivity following allogeneic stem cell transplantation (SCT) is regulated by quantitative differences in activating and inhibitory signals (mediated by activating and inhibitory killer cell immunoglobulin-like-receptors (KIR)). 7, 8 Although NK-mediated effects after SCT have largely been ascribed to KIR-MHC ligand mismatching in the context of haploidentical transplants ('missing-self' hypothesis), 9 there is also widespread evidence in vitro and in vivo for NK-related effects in HLA-matched SCT. 3, [10] [11] [12] [13] [14] [15] Thus, the conditions required for donor NK alloreactivity cannot be entirely explained by the missing KIR hypothesis. Several models have been proposed to explain NK alloreactivity in HLA-mismatched and -matched SCT. 1, 2, [14] [15] [16] [17] [18] [19] [20] In a previous study, 3 we showed that early NK cell recovery was the main predictor for molecular remission in 20 patients with chronic myeloid leukemia (CML) undergoing HLAmatched T-cell-depleted transplants. Here, we studied 34 additional patients with acute myelogenous leukemia (AML) and acute lymphoblastic leukemia (ALL) and supplemented our studies by KIR analyses providing a surrogate for NK cell alloreactivity. We hypothesized that the pace of NK cell recovery early post-SCT might itself be controlled by NK cell alloreactivity, and by the quantity of stem cells and competing T lymphocytes transplanted.
Patients and methods

Study group
From a cohort of 157 consecutive patients with leukemia receiving SCT between September 1993 and July 2005, posttransplant cryopreserved cell samples around day þ 30 were available in 54 transplant recipients (20 patients with lymphocyte subset analysis data have been previously reported 3 ), and pre-transplant samples were available for KIR genotyping in 50 of these donor-recipient pairs. Nineteen patients had AML or myelodysplastic syndrome (MDS), which had progressed to AML, 15 had ALL and 20 had CML. Patients and their HLAidentical sibling donors were treated on National Institutes of Health protocols, approved by the National Heart, Lung and Blood Institute Review Board. All patients and donors provided written informed consent before enrollment.
Conditioning regimens and transplant approach
Patients received a T-cell-depleted HLA-identical sibling donor SCT with a total body irradiation (TBI)-based conditioning regimen and post-transplant cyclosporine as GVHD prophylaxis as described previously. 3, 21 Details of stem cell source and dose, conditioning regimen and cyclosporine dosing are depicted in Table 1 . Transplant protocols including post-transplant T-cell add back, monitoring of minimal residual disease, chimerism, infection prophylaxis and cytomegalovirus monitoring have been described previously.
3,21
Flow cytometry and NK cell enumeration NK cell fractions within the lymphocyte populations were determined by immunophenotyping of cryopreserved peripheral mononuclear cells. The absolute NK cell count was calculated from absolute lymphocyte counts from routine leukocyte differential counts. Cells were analyzed by five-color flow cytometry using a panel of monoclonal antibodies to CD3, CD4, CD8, CD56 and CD16 directly conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC), peridinin chlorophyll protein (PerCP) or APC-Cy7 (Becton Dickinson, San Jose, CA, USA). Flow cytometry analysis was performed on the LSR II flow cytometer (BD Biosciences, San Diego, CA, USA) using BD FacsDiva software (BD Biosciences, San Diego, CA, USA). A total of 50 000-1 000 000 cells were acquired. NK cells were defined as CD3ÀCD56 þ cells and their respective fraction was calculated from the forward-sideward-scatter lymphocyte gate.
KIR genotyping
KIR genotype was performed by polymerase chain reaction using sequence-specific primers (PCR-SSP) using the KIR (2DP1 and 3DP1) . The analysis of all distinct KIR alleles was performed at the low-resolution molecular level including alleles that are known not to be expressed to provide a complete genotypic analysis. All alleles were taken into consideration. KIR 2DL5A, 2DL5B, 2DS4* and 2DS** were analyzed separately. Genomic DNA was isolated from peripheral blood using standard methods and 0.02 mg DNA was used per PCR. Manufacturer's instructions were utilized in regard to master mix and volumes. The cycling parameters were as follows: 1 min at 951C for one cycle followed by 30 cycles of 20 s at 941C, 20 s at 631C and 90 s at 721C, 41C hold. The final PCR product was visualized on a 1.5% agarose gel stained with ethidium bromide, and the result was determined by the presence or absence of an appropriately sized band.
Analysis of KIR data
Several models were used to describe NK alloreactivity as determined by KIR genotyping. (1) The missing KIR ligand model: since KIR and HLA genes segregate independently, HLAidentical siblings may inherit different KIR genes. The donor KIR may therefore not have a corresponding HLA ligand in the recipient. To identify whether a specific missing KIR ligand might have contributed to survival, acute GVHD and relapse, donor-recipient pairs were grouped according to specific missing ligands. These groups were defined respectively by the lack of recipient HLA-C group 1, group 2 and HLA Bw4 for a donor KIR. A group representing patients lacking two ligands (one or other HLA-C ligand in addition to HLA-Bw4) for donor KIR was also included in the analysis.
14,15,17,22 ( 2) The KIR genotype difference between recipients and donors was compared, and four different pairs were analyzed, as described by Gange et al.
23 (3) As the ability of NK cells to detect HLA class I epitopes might be related to the number of KIR present in the donor, we examined the relationship between the number of total, inhibitory or activating KIR in the donor and transplant outcome as described by De Santis et al. 16 (4) The effect of each individual KIR gene on transplant outcome was analyzed.
Definitions
Patients with ALL and AML in first complete remission and patients with CML in chronic phase were considered to have standard risk (SR) disease. All other patients, including those who underwent transplantation in second or subsequent remission, those with primary refractory or relapsed disease, and those with secondary AML were defined as having high-risk (HR) disease. Overall survival (OS) was calculated from the interval between the date of transplantation and death, or the last follow-up visit. Relapsed disease for AML and ALL was defined by morphologic or cytogenetic evidence, either in peripheral blood or in bone marrow. Relapsed disease for CML was defined by hematological, cytogenetic or molecular evidence of recurrence. Nonrelapse mortality was defined as the time from transplantation until death from any cause other than leukemia. Engraftment was defined as an absolute neutrophil count of 4500/ml, and an unsupported platelet count of 420 000/ml for 3 consecutive days or detection of donor DNA by PCR short tandem repeat (STR). KIR genes associated with a superior transplant outcome (less acute GVHD, relapse and higher survival) were defined as 'favorable' KIR.
Statistical methods
Descriptive statistics were used to describe the patient characteristics, pre-transplant variables and post-transplant out- 
and CSA dose (STD vs LD). In view of multiple comparisons that have been made in the study and relatively small sample size, P-value should be considered preliminary. Multivariate analysis was performed using the Cox models. Data analysis was performed using SPSS 14 for Windows (SPSS Inc., Chicago, IL, USA) software.
Results
NK30
Patient characteristics are shown in Table 1 . The median absolute NK cell count 30 days after transplant (NK30) was 149/ml (6-1005) for all patients, 217/ml (6-577) for patients with AML, 110/ml (18-1005) for patients with CML and 199/ml (22-975) for patients with ALL. For further analysis, the group of all patients was dichotomized at 150/ml.
Donor KIR gene frequencies
Donor KIR gene frequency is shown in Figure 1 . Frequencies of KIR types corresponded with published series. 14, 20, 24, 25 Five KIR genes were almost universally expressed: 2DL4, 3DL2 and 3DL3 were present in 100% of the donors; all except one was positive for 2DL1 and all except two were positive for 2DL3 (Figure 1 ). The most frequent activating KIR genes were 2DS4*00101/00102/002 and 2DS4*003-005 found in 29 (58%) of the donors. The activating KIR gene 2DS3 occurred in 9 (18%). In 23 (46%) of donors, KIR 2DL5A, 2DS1 and 3DS1 were co-inherited and 2DS5 was also inherited in 21 of these, owing to a strong linkage disequilibrium. Patients receiving transplants from 23 donors positive for the gene 2DL5A/2DS1/ 3DS1 (favorable KIR) had a lower incidence of acute GVHD and relapse but improved survival (Table 2) . Therefore, we considered this KIR as 'favorable'.
The median number of total KIR genes in the donor was 10 (range, 7-14) (activating 4 (range, 1-6) and inhibitory 7 (range, 5-8)). HLA and KIR typing showed that 30 (60%) donorrecipient pairs had missing KIR ligands for the corresponding HLA type. Among 30 pairs with missing KIR ligands, 24 (48%) pairs had no C1 or C2 group allele in the recipient for donor KIR 2DL2/2DL3 or 2DL1 respectively and 15 (30%) pairs had no HLA Bw4-associated HLA alleles in the recipient for donor KIR 3DL1 and 9 (18%) had both (group C1 or C2 and Bw4) missing KIR ligands. When comparing donor and recipient KIR genotypes, the frequency of the donor KIR genotype included in the recipient KIR genotype in 8 (16%), recipient KIR genotype included in the donor in 4 (8%), identical donor and recipient KIR genotypes reached 22 (44%) while different donor and recipient KIR genotype was seen in 16 (32%).
Engraftment parameters
All 54 patients engrafted. Mean time to neutrophil and platelet engraftment was 17 (range, 11-26) and 20 (range, 14-38) days respectively. Patients with NK304150/ml had faster platelet engraftment (mean7s.e.m. 17.570.6 vs 22.171.4 days for NK30o150/ml; P ¼ 0.003) and faster neutrophil engraftment (15.670.4 vs 17.870.8 days for NK30o150/ml; P ¼ 0.02). Mean number of febrile days post-transplant was 7 (range, 0-36); patients with NK304150/ml had fewer febrile days (mean7s.e.m. 5.070.95 days) compared to NK30o150/ml (9.171.8 days; P ¼ 0.04). STR chimerism (data available for 26 patients receiving SCT after 11/2001) showed a median time to full donor lymphoid chimerism of 90 days (range, 30-616). There was no correlation between NK30 (either as a continuous or a categorical variable) and time to full donor T-cell chimerism (P ¼ 0.45 and 0.55 respectively).
Relapse
Nineteen of 54 patients (AML and CML 12/39, ALL 7/15) relapsed with a cumulative incidence of 40.877.5%. Median time to relapse was 106 days (range, 28-1134).
Based on clinical studies showing that NK cell alloreactivity only affected relapse risk in myeloid leukemia, relapse rates were analyzed separately in myeloid leukemias (AML and CML). In univariate analysis (Table 2) , decreased risk of relapse was associated with SR disease, NK304150/ml (Figure 2a ), higher donor total KIR, activating KIR, inhibitory KIR and occurrence in the donor of the favorable co-inherited KIR groups 2DL5A/ 2DS1/3DS1 and also KIR 2DS5. Higher total number of KIR genes (total, activating, inhibitory) was associated with protection against relapse in both continuous (total KIR, P ¼ 0.002, 95% CI 0.4-0.8; activating KIR, P ¼ 0.006, 95% CI 0.4-0.8; NK30 and transplant outcome after allogeneic stem cell transplantation BN Savani et al inhibitory KIR, P ¼ 0.01, 95% CI 0.15-0.8) and cutoff (X vs omedian; Table 2 ) models. As shown in Figure 2a , relapse was significantly higher when patients had NK30 o150/ml (cumulative incidence of 70.5712.8 vs 5.375.1% for patients with higher NK 30; P ¼ 0.0001). We confirmed that the impact of NK30 occurred only in myeloid leukemias and not in ALL (Figure 2b ), while the benefits of a higher NK30 were seen in myeloid leukemias in both STD and HR disease. In multivariate analysis, the only independent factor associated with higher relapse in myeloid leukemias was NK30o150/ml (HR 18.3, P ¼ 0.039) ( Table 3) .
Acute GVHD
Twenty-seven of 54 patients developed acute GVHD grade (II-IV), with a cumulative incidence of 50.476.8%. In univariate analysis (Table 2) , factors significantly associated with increased acute GVHD were HR disease, NK30o150/ml (Figure 2c ), lower than median number of total and activating KIR in the donor, and there was trend toward more acute GVHD in patients with low numbers of inhibitory and absence of favorable KIR in the donor (Figure 2a ). Multivariate analysis showed that the only independent factor associated with more acute GVHD was NK30o150/ml (HR 3.2, P ¼ 0.032) ( Table 4) . 
Chronic GVHD
Twenty-six of 41 (63.4%) evaluable patients surviving more than 100 days developed chronic GVHD (limited 20 (48.7%); extensive 6 (14.6%)) with a cumulative incidence of 82.6712.8%. In univariate analysis, factors significantly associated with increased chronic GVHD were NK304150/ml and more inhibitory KIR (Table 2 ). Multivariate analysis showed that more chronic GVHD was associated with NK304150/ml (HR 0.30, 95% CI 0.9-1.0; P ¼ 0.057) and X7 inhibitory KIR in donor (HR 3.6, 95% CI 0.96-13.7; P ¼ 0.058).
NRM
Eight of 54 patients died from non-relapse causes, with a cumulative incidence of NRM of 17.7.76%. Causes of death were: fungal infection (1), viral infection (2), GVHDrelated (2) and acute respiratory distress syndrome/idiopathic pneumonitis (3).
In univariate analysis (Table 2) , the only risk factor associated with increased NRM was NK30o150/ml (cumulative incidence 40.5713.9 vs 3.673.5%; P ¼ 0.007) (Figure 2d) .
The adverse effect of NK30o150/ml on NRM was confirmed in multivariate analysis (HR 10.7, 95% CI 1.3-88.1; P ¼ 0.028).
Survival
Currently, 28 of 54 patients are alive and disease free, with an actuarial survival of 49.377.3% at a median follow-up of 57, range 14-157 months. In univariate analysis (Table 2) , increased survival was associated with SR disease, NK304150/ml (Figure 2e ), higher numbers of KIR, donor with favorable KIR and occurrence of chronic GVHD. As shown in Figure 2e , higher NK30 (4150/ml) was associated with improved overall survival (74.878.2 vs 22.979% for patients with NK30o150/ml; P ¼ 0.0002). When analyzed separately, the impact of NK30 on survival was found only in myeloid leukemias (both HR and SR disease), but not in ALL (Figure 2f ). Multivariate analysis showed that the independent factors associated with improved survival in myeloid leukemias were NK304150/ml (HR 11.4, P ¼ 0.03) and chronic GVHD (HR 5.3, P ¼ 0.043) ( Table 5) .
Interrelationship between NK30, KIR genotype and transplant variables
Since NK30 was an independent factor associated with improved transplant outcome with less acute GVHD, relapse and better survival, we sought for factors contributing to NK30 recovery and for relationships between NK30, KIR genotype characteristics and other transplant variables. We found that favorable KIR genotype and Xmedian inhibitory KIR numbers in the donor associated with NK30 above the median of 150/ml (16 of 23 with favorable KIR had NK304150/ml compared to only 10 of 27 patients who received transplant from donor without favorable KIRs; P ¼ 0.027; 21 of 32 with inhibitory KIR X7 had NK304150/ml compared to only 5 of 18 patients who received transplant from donor with inhibitory KIR numbers o7; P ¼ 0.018).
When studied as continuous variables, there was a significant correlation between NK30 count and numbers of donor inhibitory KIRs (correlation coefficient 0.364, P ¼ 0.009), favorable donor KIR (correlation coefficient 0.324, P ¼ 0.021), CD34 cell dose (correlation coefficient 0.483, P ¼ 0.0002), and an inverse correlation with CD3 cell dose of greater or less than 2 Â 10 4 /kg (correlation coefficient À0.296, P ¼ 0.029). Previously, we observed that NK30, our surrogate marker for early NK cell recovery, affected the rapidity of molecular remission in 20 CML patients. 3 In the present study, we could confirm these favorable effects of early NK cell recovery for patients with AML but not with ALL, coinciding with experimental observations that ALL cells may carry resistance against NK-mediated lysis.
1,2,9 Our analysis supports the contention that alloreacting NK cells can affect acute GVHD and NRM and exert powerful GVL effects in myeloid malignancies. Multivariate analysis showed that NK30 above 4150/ml independently associated with less aGVHD (HR 3.2; P ¼ 0.03), NRM (HR 10.7; P ¼ 0.028) for all patients less relapse (HR 18.3; P ¼ 0.039) and better survival (HR 11.4; P ¼ 0.029) in myeloid leukemia. Interestingly, our series also showed a higher incidence of chronic GVHD in patients with high NK30. A possible explanation is that more patients with higher NK30 survived to develop chronic GVHD (which was not associated with higher mortality because the majority had only limited chronic GVHD). Chronic GVHD contributed an additional GVL effect, as both NK30 and chronic GVHD were independently associated with better survival in multivariate analysis (Table 5) .
We also identified certain characteristics of the donors' KIR genotype as influential on transplant outcomes in this HLAmatched, T-cell-depleted transplant series. In contrast to the strong impact of KIR ligand incompatibility on outcome for myeloid leukemias in haploidentical SCT, analyses of transplant outcome of HLA-identical sibling SCT have not produced consistent findings. Cook et al.
14 showed that in HLA-matched (T-replete) sibling SCT for myeloid leukemia (n ¼ 112), patients homozygous for C2 alleles receiving a graft from a donor carrying KIR gene 2DS2 had a significantly reduced survival. Verheyden et al. 20 observed (in mixed T-deplete and -replete populations; n ¼ 65) the presence of two KIR, 2DS1 and 2DS2, in the donor to be significantly associated with a decreased leukemia relapse after related HLA-identical SCT. Hsu et al. 15 showed that after partially T-depleted HLA-identical sibling SCT (n ¼ 178), absence of recipient HLA-C or HLA-B ligands for donor-inhibitory KIR contributed to improved outcomes for patients with AML/MDS. Gagne et al. 23 showed no acute GVHD after related BMT in four patients whose KIR genotypes were shared with the KIR genotypes of their donors. Chen et al. 19 showed (after T-replete HLA-identical SCT; n ¼ 131) that additional activating KIR genes are associated with less TRM and a better survival.
Profound T-cell depletion has been considered as a prerequisite for detecting effects mediated by alloreactive NK cells. 1, 2, 9, 26 This assumption is supported by data from Bishara et al., 18 who showed that lack of extensive T-cell depletion in haploidentical SCT was associated with high GVHD rates and diminishes the benefits of NK cell alloreactivity. Similarly, Sun et al. 27 found a detrimental effect of NK alloreactivity after unrelated (HLA-mismatched and -matched) T-replete allo-SCT. Our quantitative T-cell depletion (around 2-5 Â 10 4 /kg) was comparable to that used by other groups and may be a contributing factor in our study. In fact we found an inverse relationship between T-cell dose and higher NK30 counts. This may be due to competition between NK cells (or their progenitors) and T cells for a limited reservoir of growth factors during the early lymphopenic stage post-transplant, although this hypothesis requires substantiation by further studies. Finally, T-cell depletion may very well enhance and 'visualize' the beneficial effects from NK cells.
We observed an effect of favorable KIR and KIR numbers (total, activating or inhibitory) on transplant outcome, but no effect of missing KIR ligands. De Santis et al. 16 similarly found that higher numbers of KIR genes in donors protect against leukemia relapse following unrelated donor SCT. Because favorable KIR types and KIR numbers were so closely linked in our series, it was not possible to determine which factors were covariates and which were directly affecting outcome.
Multivariate analysis models that included the NK30 consistently showed that NK30 and not KIR group genotype features emerged as the independent variable predicting outcome. This could be explained by the fact that NK30 was also positively influenced by the CD34 dose and negatively with the infused CD3 þ T-cell dose in the graft. In addition, our data showed that patients with higher NK30 have faster engraftment characteristics, and NK30 recovery correlated with infused CD34 dose. A high CD34 dose has been identified by many transplant groups, including ours, as being associated with improved outcome. 28, 29 Our findings suggest that a better NK recovery may be the reason why there is a distinct advantage conferred by a high CD34 cell dose in the graft. The implication of the superior predictive value of the NK30 count over genotype is that transplant outcome is as much influenced by quantity as the quality of NK recovery. How KIR genotype might affect the pace of NK cell recovery is not known. In in vitro proliferative culture assays of NK cells derived from donors with favorable and unfavorable genotypes, we did not find any difference in the proliferative capacity (data not shown), although there are data supporting the importance of activating and inhibitory class I MHC receptors in regulating NK cell proliferation.
